To evaluate health effects of chemical mixtures, such as multiple heavy metals in drinking water, we have been developing efficient and accurate hazard identification strategies. Thus, in this study, we determine the cytotoxicity of arsenic, cadmium, chromium, and lead, and characterize interactions among these metals in human epidermal keratinocytes. Three immortal keratinocyte cell lines (RHEK-1, HaCaT, and NM1) and primary keratinocytes (NHEK) were used. A statistical approach applying an additivity response surface methodology was used to test the validity of the additivity concept for a 4-metal mixture. Responses of the 4 keratinocyte strains to the metal mixture were highly dose-dependent. A growth stimulatory effect (hormesis) was observed in RHEK-1, NM1, and NHEK cells with the metal mixture at low concentrations (low ppb range). This hormesis effect was not significant in HaCaT. As the mixture concentration increased, a trend of additivity changed to synergistic cytotoxicity in all 4 cell strains. However, in NHEK, RHEK-1, and HaCaT, at the highest mixture concentrations tested, the responses to the metal mixtures were antagonistic. In NM1, no significant antagonistic interaction among the metals was observed. To explore a mechanistic basis for these differential sensitivities, levels of glutathione and metallothioneins I and II were determined in the keratinocyte cell strains. Initial data are consistent with the suggestion that synergistic cytotoxicity turned to antagonistic effects because at highest mixture exposure concentrations cellular defense mechanisms were enhanced.
Both occupational and environmental exposures to hazardous metals, such as arsenic (As), cadmium (Cd), chromium (Cr), and lead (Pb), are significant toxicological concerns. Not only do these metals lead to acute toxicity at higher concentrations, but they may also mediate development of additional pathologic conditions in individuals exposed chronically to low levels. Environmentally relevant metals seldom occur alone. Rather, they most often occur in hazardous waste sites or ground water supplies in combination with other contaminants; this substantially complicates the risk assessment process for these chemicals. In general, within the scientific community, the concept of "additivity" is assumed for low level exposures to the component chemicals in a mixture (Svendsgaard and Hertzberg, 1994) . The definition of additivity used here is that described by Berenbaum (1985 Berenbaum ( , 1989 . Whether this is a valid assumption for metal mixtures needs to be tested. This project is, therefore, an attempt to test such an additivity concept at low exposure levels. The metals chosen for our studies are highly relevant to human exposure. As, Cd, Cr, and Pb, are the top 4 metals in site frequency count by the ATSDR Completed Exposure Pathway Site Count Report (ATSDR, 1997); 3 of these, As, Pb, and Cd are among the Superfund Top 10 Priority Hazardous Substances (DeRosa et al., 1996) , i.e., those considered to pose the greatest hazard to human health. In addition, as confirmed by ATSDR using the HazDat database, these metals most often occur together; they are present in 8 of 10 and 5 of 10 of the top 10 Binary Combinations of Contaminants in soil and water, respectively .
As part of a larger study, we describe here an evaluation of the acute cytotoxicity of As, Cd, Cr, and Pb alone and together in a mixture in human epidermal keratinocytes, a highly relevant cell type. The skin is a critical target organ for Asmediated pathological effects, including proliferative disorders such as hyperkeratosis and, in many cases, carcinogenesis. Due to high As (and other metal) concentrations in many drinking water supplies, acute toxicity and development of neoplastic skin lesions have become health problems of global proportions. Both As and Cr, a well-known skin sensitizer, have substantial effects on epidermal keratinocytes in vitro, altering expression of several growth regulatory factors and inhibiting the normal process of differentiation (Cohen et al., 1993; Germolec et al., 1996 Germolec et al., , 1997 Kachinskas et al., 1997; Ye et al., 1995; Yen et al., 1996) . Little is known, however, about the exact mechanism of toxicity in vivo of either metal alone or the effects of the 2 metals when they are present together or in complex mixtures with other metals on this cell type. To address this issue, an additivity response surface methodology was utilized to permit detailed statistical analysis of the cytotoxic interactions among As, Cd, Cr, and Pb when present together in a mixture. In addition, mechanistic studies are described in which the roles of glutathione (GSH) and metallothionein-I and -II (hMT) in the observed metal-metal interactions are explored.
for NHEK. Lead acetate concentration in these 1X solutions was 100 M, as we were unable to get complete killing at any dose in HaCaT, NM1, and NHEK. Lead acetate concentration in 1X solution for RHEK-1 was 120 M, the estimated LD 50 . To generate dose-response data, the mixture stock solutions were serially diluted 1:3 to get 0.333, 0.111, 0.037, 0.0123, 0.004, and 0.0014X dilution groups as a final concentration in cell cultures. Deionized distilled water was used as the vehicle control in all cases. After 24-h exposure to the individual metals or the 4-metal mixture, cells were refed with fresh metal-free medium and incubated for 3 days prior to viability analysis by the MTT assay (Mossman, 1983) . At least 3 independent experiments were conducted in each of the 4 cell strains for individual metal and the metal mixture cytotoxicity curves.
MTT assay. The MTT assay was carried out using a modification of the method of Mossman (1983) . MTT was dissolved at 5 mg/ml in phosphatebuffered saline. This stock solution was filtered through a 0.2 m filter and stored at 4°C for up to 2 weeks. Immediately before use, the stock solution was diluted to 0.5 mg/ml with serum-free culture medium to make a working solution. Medium was aspirated from cells to be analyzed and MTT working solution (1 ml) was added to each well. Cells were incubated at 37°C for 3 h, after which time, the MTT was removed by aspiration. Cells were subsequently lysed by addition of 0.5 ml of DMSO. The absorbance at 550 nm of samples as well as a DMSO control was read on a Microplate Autoreader (Bio-Tek Instruments, Inc., Winooski, VT). The absorbance of the DMSO blank was subtracted from all values. All absorbance values were expressed as a percent of water vehicle control. Absorbance measured in the MTT assay was converted to percent cell viability and analyzed by Minitab 11 (State College, PA) and SigmaPlot 4.0 (Chicago, IL) for determination of LD 50 values.
Statistical analyses on mixture interaction.
The fundamental definition of additivity used in the construction of the nonlinear additivity model (f add (x)) is that chemicals that combine additively do not change the slope of other chemicals in the mixture. That is, if the slope of chemical A changes in the presence of chemical B then the chemicals are said to interact. If the slope of chemical A does not change in the presence of chemical B then the chemicals are said to combine additively. Further, the nonlinear additivity model can be algebraically expressed in terms of Berenbaum's interaction index conditioning on the maximum and minimum responses (parameterized with ␥ and ␣). It can thus be claimed that the nonlinear additivity model is consistent with dose addition as defined by Berenbaum's interaction index (Berenbaum, 1985 (Berenbaum, , 1989 . On the other hand, one can manipulate the response to a metameter that changes the nonlinear model to a linear model (here, -log(-log((y -␣)/␥)), which is called the complementary log-log transformation). On this response metameter, one can think of the model as being associated with response addition since the added effect of the i th chemical is ␤ i x i . So, the additivity model used in the analysis is consistent with several concepts of additivity or zero interaction. The claim that "greater than additivity" implies synergism and "less than additivity" implies antagonism is based on the demonstration that the additivity model is (conditionally) related to Berenbaum's interaction index that makes the claim of synergism/antagonism depending on whether the index is less/greater than one.
Single chemical data were experimentally observed to support the estimation of an additivity surface (Berenbaum, 1985 (Berenbaum, , 1989 Gennings and Carter, 1995; Gennings et al., 1997 Gennings et al., , 2001 ) to the single metal data. Separate analyses were conducted on the data for each cell line. At least 3 independent experiments were conducted and analyzed for each of the 4 cell lines. The endpoint of interest was percent viability. For the analyses considered here, the data from the individual experiments were grouped together and an experiment effect was not considered.
Seven mixture (M ϭ 7) points were observed with a specified mixing ratio (here, based on the LD 50 s) with n m observations at each and M* ϭ total mixture observations. Let m be the mean at the m th mixture point, and add,m be the mean under additivity. The hypothesis of no interaction is equivalent to 
MSE
which follows an F p -q, N-p ϩ q in a test comparing the two curves. Gennings et al. (2001) also use a 100 (1 -␣)% simultaneous confidence band on the difference between the curves. These methods are illustrated in the analysis of 4 metals (As, Cd, Cr, and Pb) where the endpoint of interest is percent viability of treated NHEK. The mixing ratio is the LD 50 ratio of the 4 metals. Seven dilutions along this ray were experimentally observed. The additivity model was
and the model for the mixture data along the fixed-ratio ray was
• where x 1 , x 2 , x 3 , x 4 are the concentrations of As, Cd, Cr, and Pb, respectively,
• t is the total dose ϭ ͚ iϭ1 4 x i • ␣ is an unknown parameter associated with the minimum response, • ␥ is an unknown parameter associated with the maximum response, • ␤ 0 is an unknown parameter associated with the intercept on the complementary log log scale,
• ␤ 1 is an unknown parameter associated with the slope of arsenic, • ␤ 2 is an unknown parameter associated with the slope of cadmium, • ␤ 3 is an unknown parameter associated with the slope of chromium, • ␤ 4 is an unknown parameter associated with the slope of lead, • ␣* is an unknown parameter associated with the minimum response, • ␥* is an unknown parameter associated with the maximum response, • ␤* 0 is an unknown parameter associated with the intercept on the complementary log log scale,
• ␤* 1 is an unknown parameter associated with the slope of the mixture data, • ␤* 2 is an unknown parameter associated with the quadratic effect of the mixture data.
Unknown parameters were estimated using PROC NLIN in SAS (Cary, NC). Single chemical data were used to estimate f add (x) and mixture data were used to estimate f M (x). Details of the methods are provided in Gennings et al. (2001) .
Western blot for MT protein.
Cell homogenates were prepared by sonication of cells in 600 l of ice-cold 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.02% sodium azide, 100 g/ml PMSF, 1 g/ml aprotinin, and 1% NP-40. Homogenates were clarified by centrifugation at 20,000 ϫ g for 45 min at 4°C. Total protein concentration was determined using the BCA (Bio-Rad, Hercules, CA) assay. Samples (50 g of total protein) from the 4 keratinocyte strains treated for 24 h with increasing concentrations of the 4-metal mixture were analyzed for human MT proteins using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970) in 10 -20% gradient gels. Proteins were transferred electrophoretically to nitrocellulose membranes. The resulting membranes were incubated in 2.5% glutaraldehyde for 1 h and then washed 3 times for 5 min in phosphate buffer (8.1 mM Na 2 HPO 4 , 1.2 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4). Monoethanolamine (50 mM) was added to the third wash solution to quench residual glutaraldehyde reactivity. MT proteins were detected by Immun-Star Chemiluminescent Protein Detection Systems (Bio-Rad, Hercules, CA). A monoclonal antibody to polymerized equine renal MT-1 and MT-2 (Dako Corp., Carpinteria, CA) was used for immunodetection. The chemiluminescent images were quantified using a Nikon AF camera and the NIH Image 1.55 b20 software (NIH, Bethesda, MD). In NM1, where we were unable to detect significant levels of MT expression, overall protein content and quality in cell lysates were confirmed by probing for cyclin G1 (Horne et al., 1996) expression using a rabbit polyclonal antibody from Santa Cruz Biotechnology (Santa Cruz, CA). Data are expressed as mean Ϯ SEM. Statistical comparisons were performed using one-way ANOVA (Dunnett's multiple comparison test) (Tamhane and Dunlop, 2000) . Values were considered to be significant when p Ͻ 0.05 (Minitab, Inc., State College, PA).
GSH assay. A colorimetric assay was carried out to quantify intracellular levels of GSH (Anderson, 1989) . Cell homogenates were prepared as described above except that the cell suspension was centrifuged at 3000 ϫ g. The resulting cleared lysates were used for analysis. GSH concentrations in 100 g samples from the 4 keratinocyte strains treated with increasing concentrations of the metal mixture were measured by BIOXYTECH GSH-400 as per the manufacturer's directions (OXIS International, Inc., Portland, OR). The concentration range of exposure in the 4 metal mixtures were: 0.08 -6.1 M As, 0.17-14 M Cd, 0.09 -7.1 M Cr, and 1.48 -120 M Pb for RHEK-1; 0.06 -4.8 M As, 0.69 -56 M Cd, 0.08 -6.8 M Cr, and 1.23-100 M Pb for HaCaT; 0.11-9.0 M As, 0.67-55 M Cd, 0.065-5.3 M Cr, and 1.23-100 M Pb for NM1; and 0.095-7.7 M As, 0.075-6.1 M Cd, 0.060 -4.9 M Cr, and 1.23-100 M Pb for NHEK, corresponding to 0.0123 to 1X mixture dilutions in all cell lines. Data are expressed as mean Ϯ SEM. Statistical comparisons were performed using one-way ANOVA (Dunnett's multiple comparison test; Tamhane and Dunlop, 2000) . Values were considered to be significant when p Ͻ 0.05 (Minitab, Inc., State College, PA).
RESULTS

Human Keratinocytes Are Differentially Sensitive
to As, Cr, Cd, and Pb To characterize the effects of As, Cr, Cd, and Pb individually on human keratinocytes, we performed cytotoxicity studies in primary human epidermal keratinocytes (NHEK) and 3 immortalized human keratinocyte cell lines (RHEK-1, HaCaT, and NM1) using the MTT assay as a measure of cell viability. As would be expected, all 4 metals showed a dose-dependent cytotoxic effect, as expressed by decreased absorbance values of treated cells. The mean LD 50 values for As, Cr, and Cd were 6.1, 7.1, and 14 M for RHEK-1; 4.8, 6.8, and 56 M for HaCaT; 9.0, 5.3, and 55 M for NM1; and 7.7, 4.9, and 6.1 M for NHEK, respectively. It can be seen from this data that the 4 keratinocyte strains showed similar sensitivities to As and Cr. In contrast, substantial differences in sensitivity to Cd were observed among the 4 cell strains. The LD 50 value for Pb in RHEK-1 was determined to be 120 M. However, Pb toxicity in NHEK, HaCaT, and NM1 was so low, we were unable to accurately determine the LD 50 concentrations. In NM1, we were unable to get 50% lethality in cultures treated with Pb concentrations as high as 300 M.
Toxicological Interactions among As, Cr, Cd, and Pb Are Present in Human Keratinocytes
To characterize potential cytotoxic interactions among As, Cd, Cr, and Pb in human keratinocytes, cell killing curves were generated for mixtures of the 4 metals. The approximate concentrations of As, Cr, Cd, and Pb in the mixture at the LD 50 in each of the 4 keratinocyte strains were respectively, as follows: 2.1, 2.4, 4.7, and 40 M in RHEK-1; 2.7, 3.8, 31, and 56 M in HaCaT; 2.2, 1.3, 14, and 25 M in NM1; and 4.8, 3.0, 3.8, and 62 M in NHEK. Subsequently, thorough statistical analyses were carried out on the data from these cytotoxicity assays for individual metals as compared to the 4-metal mixture. An approach, developed by Carter and Gennings (Gennings and Carter, 1995; Gennings et al., 1997) , using an additivity model permits testing the hypothesis that chemicals in a mixture act in an additive fashion. This model is described in detail in Gennings et al. (2001) . Separate statistical analyses were conducted on the data from each keratinocyte strain.
Overall, the fit of the data seems adequate for the models associated with the 4 cell strains. The estimated model parameters as described in Materials and Methods and their associated sample standard errors and p values in 4 keratinocyte strains are provided in Table 1 . All of the model parameters were significantly different from 0. The slope parameters associated with each of the 4 metals were negative and significant in all 4 models. This indicates that, as expected, as the concentration of the metal increases, the % viability decreases significantly regardless of the cell strain.
The additivity model was fit to the single metal data to generate prediction intervals for each metal mixture group. Even though we are dealing with single chemical dose response curves, the purpose for using the additivity model was to generate proper ␣, ␤, and ␥ parameter values to be used in the statistical modeling of the chemical mixtures. A representative plot of the observed and predicted responses under additivity to the individual metals in RHEK-1 is shown in Figure 1 . It can be seen from this figure that the individual chemical data points cluster in a band along the identity line, indicating an adequate fit of the single chemical data using the additivity model. The data from each of the other 3 keratinocyte cell lines, although not shown, also showed adequate fit. More variability was associated with the responses in NHEK as compared to the other 3 cell lines (Gennings et al., 2001) ; this may well be a function of the fact that NHEK are pooled populations of primary cells isolated from different individuals with intrinsic variations in sensitivity to toxic insult. Representative dose-response curves for the individual metals in RHEK-1 are graphically shown in Figure 2 . The best-fit lines determined for the single chemical data in each cell strain were used to derive parameters ␣, ␤, and ␥ for the additivity model as described in Materials and Methods and in Gennings et al. (2001) . The single chemical data demonstrated that the responses associated with exposure to lead have more variability than the other 3 metals, with levels of lead at 300 M and percent viability between 30 and 60% for the 4 cell strains (data not shown).
The observed responses in the keratinocyte strains at the 7 mixture dilution points are provided in Tables 2A-2D . These tables also provided the predicted responses under the hypothesis of additivity. Based on the comparison of the observed responses and the prediction intervals under additivity, there appears to be interactions among the 4 metals with regard to cytotoxicity for all 4 cell strains. The corresponding prediction intervals (Table 2) can be used to determine the direction of the interaction. In the RHEK-1, NM1, and NHEK cell strains the lowest concentration of the metal mixture was associated with growth stimulation (Tables 2A, 2C , and 2D). This may be due to hormesis (Calabrese, 1997; Stebbing, 1982) . The quadratic terms were initially included in the additivity model for NHEK to see if the single chemical data also demonstrated this "hormesis-like" effect. However, in this case, the quadratic terms were not jointly significant (p value Ͼ 0.05) and were removed from the final model. This indicates that the single Gennings et al. (2001) . Also shown are the standard errors and p values associated with the different parameters. All parameters, derived from the individual metal data for the 4 cell strains, were significantly different from 0 with p values Ͻ 0.02. chemical data do not support the occurrence of hormesis at the concentrations tested and growth stimulation was, thus, a function of binary or higher metal combinations. It is interesting to consider a hormesis effect of a mixture, but not the individual components. Higher concentrations (e.g., 0.037X through 0.333X dilutions) of the mixtures in the NM1 and NHEK cell strains were associated with significant departure from additivity (Tables 2C and 2D ). The observed responses were synergistic or more extreme (i.e., further down the concentration effect curve) than that predicted under additivity. In NHEK, the measured cytotoxicity at the highest mixture concentration (1X) was less extreme than that predicted by the additivity model, i.e., was antagonistic. Moderate concentrations of the mixture in the HaCaT cell line (i.e., 0.0123-0.111X) were also associated with synergistic cytotoxicities (Table 2B) . However, at the 2 highest concentrations (0.333 and 1X dilutions) tested in HaCaT, an antagonistic response was seen. In a similar trend, the 0.111X mixture dilution in the RHEK-1 cell line (0.111X) was associated with synergistic response, while the 0.333X dilution showed antagonistic responses. Only NM1 did not demonstrate a significant antagonistic response to the metal mixture at any concentration. Figures 3A-3D show the predicted response curve under the hypothesis of additivity and the observed response at the 7 mixture points in the 4 cell strains. The departures from additivity are clearly seen for each cell line in this figure.
Potential Role for Reduced Glutathione and Metallothionein in the Toxicological Interactions of As, Cd, Cr, and Pb
As indicated above, the observed interactions among As, Cd, Cr, and Pb in RHEK-1, HaCaT, and NHEK switched from synergistic to antagonistic as the metal mixture increased from the 0.111X to 0.333X or 1X dilutions. We were interested in exploring potential mechanisms for this change and thus, analyzed levels of the important detoxifying molecules, GSH and hMT-I and hMT-II proteins in the keratinocyte strains treated with the metal mixture using a standard colorimetric assay and immunoblot analysis, respectively. Alterations in the levels of one or more of these molecules have been shown in other systems to modulate toxicity to metals. Table 3 shows the levels of GSH in RHEK-1, HaCaT, NM1, and NHEK cells treated with increasing concentrations of the 4-metal mixture for 24 h. Interestingly, this analysis showed that in HaCaT and RHEK-1, the amount of intracellular GSH was fairly stable throughout the treatment range, except for at the 0.333X dilution, where the level increased approximately 2-fold over the control and preceding 0.111X treatment group. Only in RHEK-1 did the significant increase in GSH also occur in cells treated with the undiluted (1X) metal mixture; in HaCaT, GSH returned to control levels in cells treated with the 1X solution. In NM1 and NHEK, GSH was also elevated in response to treatment with the metal mixture; the highest level of GSH was measured in cells exposed to the 1X mixture concentration (4-and Ͼ 5-fold over untreated control cells for NM1 and NHEK, respectively). Levels of GSH were still 1.6-fold over control in NHEK cells treated with the 0.3X dilution and returned to control values at lower mixture concentrations. In contrast to the single peak in GSH in the other 3 keratinocyte cell strains, in NM1 2 peaks were consistently observed; approximately 2-fold elevations in GSH were also detected in cells treated with the lowest mixture concentration at 0.0123X. The differences in GSH were statistically significant as analyzed by Dunnett's multiple comparison analysis (p Ͻ 0.05; Tamhane and Dunlop, 2000) . In contrast to our results with GSH, where in most cases, there appeared to be a fairly high threshold for induction, total MT levels in RHEK-1, HaCaT, and NHEK cells increased in a dose-dependent manner with increasing concentration of the metal mixture. As shown in Figure 4 and Table 4 , the highest levels of induction in the 3 cell strains was observed at the 1X dilution point, 4.0-, 5.3-, and 4.0-fold for RHEK-1, HaCaT, and NHEK respectively. In contrast to these 3 cell strains, untreated NM1 showed only a very weak to undetectable signal corresponding to hMT-I/-II. In addition, there was no significant induction of the proteins upon treatment of the cells with the metal mixture at any concentration.
DISCUSSION
It is generally assumed that the concept of additivity is operative on low-level exposures to chemical mixtures (Svendsgaard and Hertzberg, 1994) . Our studies are aimed at testing this hypothesis for environmentally relevant metal mixtures. The basic approach of the analysis conducted on cytotoxicity data includes fitting an additivity model to the single metal data (Berenbaum 1985 (Berenbaum , 1989 Gennings and Carter, 1995; Gennings et al., 1997) . Using this model, comparisons are then made between the observed responses at mixture points of interest as compared to the predicted response under the additivity model. If significant departure from additivity is found, then an interaction can be claimed at the mixture levels tested. In our studies, all 3 types of responses to the metal mixture were seen (i.e., additivity, synergism, or antagonism), depending highly on both the keratinocyte cell line examined and the dose of the metal mixture. With some exceptions, the general trend of cytotoxicity by the 4-metal mixture appears to be hormesis to additivity to synergism and finally to antagonism as dose level increases. In that sense the additivity concept holds true for a narrow dose range.
In our studies 3 of the 4 lines, RHEK-1, NM1, and NHEK showed increased growth when exposed to very low concentrations (low ppb range) of the 4-metal mixture. One possible explanation for this observation is a hormesis effect. Much information has become available on the cellular and molecular basis of hormesis through studies on the biological effects of low levels of exposure to single chemicals or combinations of chemicals (Calabrese, 1997; Calabrese and Baldwin, 1997a,b; Mehendale, 1994; Stebbing, 1982 Stebbing, , 1997 . Hormesis may be the cumulative consequence of transient and sustained "overcompensation" by homeostatic mechanisms in response to low levels of inhibitory challenge (Calabrese and Baldwin, 1999; Stebbing, 1997) . There is precedent for a hormetic effect of As on keratinocytes. Germolec et al. (1996 Germolec et al. ( , 1997 demonstrated that very low levels (0.001-0.005 M) of As induced proliferation in primary NHEK. Although in our studies, we did not see growth stimulation in the keratinocyte strains with any of the metals alone, the concentrations tested were in a higher   FIG. 2 . Cytotoxicity of individual metals in RHEK-1. Exposure of RHEK-1 to increasing concentrations of As, Cr, Cd, and Pb and analysis of cell viability by the MTT assay were carried out as described in Materials and Methods. Three independent experiments with triplicate data points were run for RHEK-1. Individual data points measuring cell viability are plotted as a function of metal concentration (*). The line is the best-fit line. Single metal data was used to estimate the ␣, ␤, and ␥ parameters. These parameters were subsequently used in the model to predict responses to serial dilutions of a 4-metal mixture under the assumption of additivity. range (0.3 to 300 M) than in these previous studies. In contrast, in the mixture dilutions where the hormetic effect was apparent in our studies, the concentration of As was 0.010 -0.013 M, depending on the cell strain; our finding of growth stimulation in these populations was, therefore, consistent with at least a partial effect of As. Whether or not the other 3 metals contributed is currently unknown. Of the 4 keratinocyte cell lines, only HaCaT did not show signs of hormesis at any concentration of the chemical mixture examined; it is possible that this keratinocyte strain displays differential induction of and/or sensitivity to growth regulatory molecules involved in the hormetic response as compared to RHEK-1, NM1, and NHEK.
Synergistic cytotoxicities of the 4-metal mixture were observed in all 4 cell types, albeit at different dose levels. Antagonistic responses were seen in RHEK-1, HaCaT, and NHEK at high treatment concentrations. Particularly interesting was the abrupt switch in RHEK-1 and HaCaT from synergistic to antagonistic interactions among the metals at the highest mixture concentrations. There are many types of metal-metal interactions that may be responsible for the synergism or antagonism we observed. Among these would be alterations in detoxifying or metabolizing pathways. To address this issue, we have explored expression of multiple molecules potentially involved in detoxification of metals, hMT-I and -II and GSH, in the keratinocyte cell lines treated with the metal mixture. One of the primary mechanisms conferring resistance to Cd is overexpression of the members of the metallothionein (MT) gene family; these proteins may be involved in protection against metal-induced toxicity. The MT genes are differentially Note. The sample size analyzed in each mixture dilution was Ն 9 for each of the 4 keratinocyte cell strains. 1X ϭ concentration of each metal leading to 50% death in individual metal assays.
a Indicates a hormesis effect. b Indicates a less than addivitive or antagonistic relationship. * Indicates significant departure from additivity using Hochberg's correction using an overall 5% level of significance. ** Indicates a greater than additive or synergistic relationship.
regulated in response to heavy metals, cytokines, and reactive oxygen species (ROS). One possibility is that metals such as As or Cr increase expression of one or more of the MT genes indirectly through cytokine induction or generation of ROS, thus, having substantial impacts on Cd toxicity. The induction of MT expression by As, as well as this type of interactive effect, has been observed in numerous other studies (Albores et al., 1992; Hochadel and Waalkes, 1997; Kreppel et al., 1993; Liu et al., 2000b; Zhao et al., 1997) . In addition, in some instances (although not all) MT expression has been correlated with decreased sensitivity to the cytotoxic effects of chronic As exposure (Liu et al., 2000a) . As has also been shown to induce other genes such as those the encoding heat shock proteins (HSP), which may be involved in detoxification of As, itself, and Cd (Huot et al., 1991; Li, 1983; Wu and Welsh, 1996) . Increased expression of HSP27, in turn, correlates with increased total cellular GSH (Mehlen et al., 1996) . It has been demonstrated that the cellular levels of GSH and glutathione-S-transferase-pi (GST-pi) play important roles in resistance to As and other metals (Huang and Lee, 1996; Lee et al., 1989; Rosen, 1995; Shimizu et al., 1998; Wang, 1993) . It is evident from these and other studies, that merely by alteration in expression levels of detoxifying molecules such as either MT or GSH, 1 metal may have substantial impact on the resultant toxicity of another when the 2 are present together in a mixture. Several interesting findings resulted from our analysis of MT and GSH levels in the 4 keratinocyte strains. Somewhat contrary to our expectations, basal MT-IA levels in the 4 cell strains did not correlate with the differential sensitivity to Cd observed in our single metal cytotoxicity studies. However, these studies did suggest that either or both GSH or MT may play a role in the antagonistic interactions observed in cells treated with high mixture concentrations. The 2-fold increase in GSH at just the point where synergistic interactions become antagonistic in RHEK-1 and HaCaT would be consistent with this hypothesis. Additionally, in NHEK, GSH levels were highly elevated at the mixture concentration (1X) where antagonistic interactions were observed. In contrast to what we observed with GSH, MT proteins appear to be induced in a dose-dependent fashion with increasing mixture concentrations in 3 of the 4 cell strains. However, it may be that there is a critical intracellular level of MT required for detectable protection against the toxicity of 1 or more of the metals. Alternatively, both increased levels of GSH and MT may be required (Li et al., 1994; Susanto et al., 1998) . Our inability to measure significant basal amounts or induction of hMT-I or -II in NM1 and to detect antagonistic interactions among the metals in the mixture at any concentration supports these hypotheses. It will be interesting to carry out these same types of studies on metal-metal interactions in the presence of the GSH-depleting agent, L-buthionine sulfoximine (BSO).
In summary, our studies are relevant and important to risk assessment of toxic metals in several regards. Our findings, via statistical analysis, that multiple heavy metals in a mixture do not necessarily act in an additive fashion at low doses as is commonly assumed is highly relevant in terms of developing accurate risk assessment strategies for these important environmental contaminants. The nature of the interaction between component metals in a mixture is extremely complicated, being both cell strain-and dose-dependent. Our single metal toxicity data supported these findings in that, for Cd and Pb, there are quite substantial differences in sensitivity among the same cell type isolated from different individuals. These findings suggest the involvement of a strong genetic component in susceptibility to the toxic effects of diverse chemicals. Under many conditions in each of the cell strains, we observed synergistic cytotoxicity of the mixture, clearly important findings for assessment of health effects in exposed populations. Given the complexity of chemical-biological interactions in the cells, these results again emphasize the need for computer technology and biologically based modeling in future risk assessment strategies of chemical mixtures. Note. Western blot analysis of human MT in cell lysates from four human keratinocyte strains was carried out as described in Materials and Methods. Chemiluminescent signals corresponding to the MT band at 13.5 kDa were quantified by NIH Image 1.55 b20. Mean relative MT signal (Ϯ SEM) is given in treated samples as compared to controls. Three independent experiments were carried out and data were pooled.
a In NM1 this apparent induction was not statistically significant; this is likely due to the low levels of MT and inconsistent expression detected.
* p Ͻ 0.05. ** A significant (p Ͻ 0.0001) increase over control by Dunnett's test.
